A one-dimensional atom-an atomic system coupled to a single optical mode-is central for many applications in optical quantum technologies. Here we introduce an effective one-dimensional atom consisting of two interacting quantum emitters coupled to a cavity mode. The dipole-dipole interaction and cavity coupling gives rise to optical resonances of tunable bandwidth with a constant mode coupling. Such versatility, combined with a dynamical control of the system, opens the way to many applications. It can be used to generate single photon light pulses with continuous variable encoding in the time-frequency domain and light states that show sub-Planck features. It can also be exploited to develop a versatile quantum memory of tunable bandwidth, another key ingredient for quantum networks. Our scheme ensures that all above functionalities can be obtained at record high efficiencies. We discuss practical implementation in the most advanced platform for quantum light generation, namely the semiconductor quantum dot system where all the technological tools are in place to bring these new concepts to reality.
I. INTRODUCTION
A single atom coupled to a single mode of the electromagnetic field, also called a "one-dimensional atom" [1] , is a long sought system to generate and manipulate quantum light [2] . Single atoms are known to interact with a single photon [3, 4] , a property that can be exploited to develop efficient single photon sources or to fabricate devices showing non-linearities at the single photon level. This requires however that the atom interacts mostly with a single mode of the electromagnetic field, so as to collect every emitted photon or to ensure the deterministic interaction of a single photon with the atom.
Highly efficient atom-photon interfaces have been demonstrated with natural and artificial atoms using geometrical approaches [5] , or controlling the emitter spontaneous emission [6] through inhibition-as demonstrated for emitters in very thin nanowires [7, 8] or through acceleration of spontaneous emission-as shown using various types of optical microcavities [9, 10] . Such systems have led to the demonstration of ultraefficient sources of indistinguishable single photons [11] [12] [13] [14] that allows scaling-up intermediate quantum computing tasks [15, 16] and have shown non-linearities at the single photon level [17, 18] , a critical step for efficient photon gates and quantum relays.
These one-dimensional atom structures however present a fixed spectral bandwidth, which defines once and for all the temporal profile of the emitted photons and the temporal window for the non-linear gates. This * E-mail: pascale.senellart-mardon@c2n.upsaclay.fr † E-mail: jean-jacques.greffet@institutoptique.fr spectral bandwidth is determined by the modified spontaneous emission rate that is engineered through the Purcell effect (for cavity based structures) or dielectric screening (for nanowire based structures). In the case of cavity structures, one can continuously tune the atom bandwidth by controlling its detuning with the cavity mode, yet at the expense of reduced mode coupling.
In the present work, we propose an effective onedimensional atom that offers bandwidth tunability with a mostly constant mode coupling to the cavity. We consider the system made of two atoms mutually coupled through dipolar interaction [19] [20] [21] and coupled to the same cavity mode. In the bad cavity limit, the eigenstates are superpositions of sub-radiant and superradiant states with controllable weight [22] . Remarkably, while the eigenstates present bandwidth tunability, their coupling to the cavity remains mostly constant.
These unique features open many possibilities for optical quantum technologies where one can dynamically tune the system parameters during the emission or absorption of light while remaining in the one-dimensional atom regime. We first demonstrate the generation of single photon wavepackets with continuous variable encoding in the time frequency domain, light states that have recently attracted strong interest for quantum computing and quantum sensing [23, 24] . Single photon wavepackets in the form of cat and compass states are generated, both presenting sub-Planck features. We then propose a bandwidth tunable quantum memory, that stores short photon pulses and releases them with tunable bandwidth. Such device shows great potential for quantum networks, be it for interfacing various quantum systems [25] [26] [27] or for synchronization [28] [29] [30] . The new concepts introduced here are applicable to all kinds of coupled natural or artificial atoms. They are (a) Two two-level systems (TLS) are weakly coupled to the same cavity mode. They are coupled to each other through dipole-dipole interaction with a rate Ω12 and their frequency mismatch ∆12(t) = ω1 − ω2. (b) Energy diagram of the eigenstates with at most one excitation. The first and second part of the kets correspond respectively to the atomic state and number of photons in the cavity. Double arrows represent coupling rates between the coupled-QD eigenstates and the cavity mode, single dotted arrows the decay rates into all other modes. Energy splittings are indicated in the energy scale. The cavity frequency is set here to the mean QD frequency ω0 = . See text for details.
ready to be implemented in the semiconductor platform for quantum light generation based on quantum dots, where all basic ingredients have individually been demonstrated [11] [12] [13] [14] 31] .
II. A TUNABLE ONE DIMENSIONAL ATOM
The probability for an atom to emit into a desired optical mode, also referred to as "mode coupling", scales as β =
Γ0
Γ0+γ where Γ 0 (γ) is the spontaneous decay rate into the cavity mode (other modes). The most common way to obtain a one-dimensional atom (β ≈ 1) is thus to control its spontaneous emission. High β can be obtained either by reducing γ, i.e. inhibiting the spontaneous emission in the other modes, or by increasing Γ 0 , i.e. accelerating the emission in the chosen mode. In both cases, changing the atom bandwidth Γ 0 +γ automatically modifies its mode coupling [32] [33] [34] [35] . We hereafter introduce an effective one dimensional atom where the system bandwidth and mode coupling are largely independent.
We consider the system consisting of two atoms represented by two level systems (TLS) strongly coupled through a dipole-dipole interaction and coupled to the same cavity mode [22] . The TLS have ground states |g i and excited states |e i (i = 1, 2), with transition energies E |ei − E |gi = ω i and a dipole-dipole coupling strength Ω 12 [19] 3 where k = 2πn λ and n is the index of the material for two parallel dipoles separated by a distance d much smaller than the emission wavelength λ [36] [37] [38] .
Introducing the symmetric σ s and antisymmetric σ a lowering operators, such that |± = σ † s,a |gg , with |gg = |g 1 ⊗|g 2 , the coherent evolution of the system is given by the following Hamiltonian, written in the frame rotating at the mean frequency ω 0 of the two TLS:
, ω c the frequency of the cavity mode, a the cavity field annihilation operator, and g the coupling between one TLS and the cavity mode, taken equal for both TLSs. A standard master equation for the density matrix of the system allows accounting for the coupling to the environment: (2) where γ ± = γ ± γ 12 and for a given operatorô, L(ô) = oρô † − is very close to γ for d < λ/2πn [37] . As shown by eq. 1, ∆ 12 acts as an effective coupling between the states |+ and |− . The system eigenstates |− eff and |+ eff are then a superposition of both symmetric and antisymmetric states for which simple analytical expressions can be obtained when γ Ω 12 , g [22] :
with
and δ = ∆12 Ω12 . The corresponding energy diagram is sketched in the Fig. 1(b) for ω 0 = ω c and the modulus for µ and ν are shown in Fig. 1(c) .
The effective antisymmetric eigenstate |− eff couples to the cavity mode only through its symmetric component µ |+ at a rate given by g |− eff = µ √ 2g. This corresponds to its symmetric component, µ, times the coupling rate of |+ with the cavity mode, √ 2g. This coupling can be tuned with δ from no coupling at all (µ ≈ 0), i.e. a completely dark state, for ∆ 12 = 0, to the same coupling as a single QD when ∆ 12
from Eq. 4). Its emission rate into the cavity mode is then given by:
where the Fermi's golden rule gives rise to a dependence both on the coupling rate g |− eff and on the final optical density of states, that depends on the detuning with the cavity mode
− Ω 12 [39, 40] .
The emission of the effective antisymmetric eigenstate into all modes other than the cavity mode takes place both through its symmetric and through its antisymmetric component as shown by Eq. 2. Considering that when d λ, we have γ − 0 and γ + 2γ, this emission is mainly due to its symmetric component and is given as:
Remarkably, the dipole-dipole interaction results in a modification of the emission rate in the cavity mode and in all the other modes both proportional to the symmetric part of the state µ 2 . As a result, the coupling to the mode of the effective antisymmetric state reads as:
where we have introduced the Purcell factor F p = To illustrate this effect, we now consider parameters corresponding to a technological platform that currently defines the state of the art in terms of emitterbased single photon sources [14] , i.e. self-assembled InGaAs quantum dots (QDs) in micropillar cavities [11] . Yet the present concepts are also valid for other systems such as color centers in diamond [41] or QDs in photonic crystal cavities [42] The values used here are {g, κ, γ} = {20, 400, 0.6} µeV, corresponding to a system of high Purcell factor F p = 6.6 in the weak coupling or bad-cavity regime. We consider that the distance between the two QDs is d = 10 nm, a small distance that allows to neglect tunneling effects [43] whilst providing The spontaneous emission rate of the subradiant state Γ |− eff , normalized to the rate of a single QD in a cavity
, is plotted in the inset of Fig. 2 . It is plotted as a function of the detuning between the two QDs, ∆ 12 , normalized by the cavity linewidth κ = 400 µeV. The cavity is set to the frequency of the subradiant state at zero detuning: ω c = ω |− = ω 0 − Ω 12 . Γ |− eff goes from 0 for δ = 0 and increases with the detuning to reach 0.65Γ 0 for ∆ 12 /κ = 0.25 evidencing a widely adjustable linewidth. In the same range of parameters, the main part of Fig. 2 shows a mostly constant mode coupling, β, showing the persistence of the one-dimensional atom character over the whole range of detunings.
A straightforward application of such tunable onedimensional atoms concerns an important challenge for quantum networks, namely, the bandwidth mismatch. Indeed, quantum networks will most probably rely on interfacing various atomic systems, some of them providing the best quantum memories, such as atoms or ions, while others providing the most efficient single photon generation, such as QDs. A first experimental demonstration of QD-ion interfacing [27] mitigated the large bandwidth mismatch between the QD and ion resonance by using a very low coherent excitation of the QD. Such excitation, where the light only undergoes elastic scattering, provides single photons with the laser bandwidth but is limited to very low efficiency. The effective onedimensional atom presented here allows a control of the single photon temporal profile at constant efficiency. In the case of QDs in micropillar cavities, the bandwidth ranges from around 10 GHz to 10 MHz for a mode coupling exceeding 85%. As shown in the next sections, this system opens many more possibilities, such as the full engineering of the temporal profile of single photon wave packets or the possibility to develop a versatile quantum memory.
III. TIME-FREQUENCY ENCODED SINGLE PHOTON SOURCES
The system introduced here allows not only to control the spectral bandwidth of the atomic emission, but also its phase and amplitude, and can eventually be used to obtain a full shaping of the single photon wavepackets [44] [45] [46] at constant high mode coupling. In the following, we discuss how to obtain bright single photon sources with the information encoded in the time-frequency domain [47] .
A. Tunable emission dynamics
In the following, we consider that one can dynamically control the detuning ∆ 12 (t) between the two emitters.
We model the spontaneous emission of our system restricted to the case of a single excitation. In the collective basis, we consider the states: {|g, g, 0 ; |−, 0 ; |+, 0 ; |g, g, 1 } where the first and second part of the ket correspond respectively to the two atomic states and number of photons in the cavity. In this basis the evolution of the mean values of single operators are described by a set of closed equations [48] :
whereω c = ω c − i κ 2 . ∆ 12 is now a time dependent function. Fig. 3 (a,b) illustrates the potential of ∆ 12 (t) dynamical tuning to control the emission time and emission dynamics. We consider that the system is in the subradiant state |− at t = 0 and that ∆ 12 = 0. The population of this subradiant state is uncoupled from the cavity and decays only slowly into the leaky modes at a rate γ − γ 12 . Considering the previous parameters for the QD systems, it corresponds to a decay time of 1/γ − = 93 ns, much slower than the natural decay time of around 1 ns for a QD in bulk. This slow decay is not visible on the time scale of Fig. 3 . To turn on the spontaneous emission, ∆ 12 (t) is set to a finite value to induce an effective coupling of the subradiant state with the symmetric, superradiant, state while keeping the phase relations between the two emitters. This corresponds to plugging in the interaction with the cavity and hence Purcell enhancing the decay of the atomic state into the cavity mode. The process is performed adiabatically, i.e.∆ 12 Ω 2 12 , so that the subradiant state |− is converted only into the effective antisymmetric state |− eff . Otherwise, if the applied detuning is too fast, the excitation will also be transferred to the symmetric state |+ eff , and will be emitted rapidly without the possibility to control the emission. Most importantly, such adiabatic coherent process ensures the indistinguishability of the emitted light wavepackets.
The emission rate through the cavity mode depends on the symmetric portion of the |− eff state and hence on the final value of the detuning to which the TLSs are brought. The more detuned the TLSs are at the end, the more radiant |− eff becomes and the faster is the decay. In Fig. 3 , a non-zero detuning is applied around t = 0.7 ns with a rise time equal to 280 ps. Two examples are shown: the solid blue case with final detuning ∆ 12 = 10 µeV decays slower than the dotted yellow case with final detuning ∆ 12 = 50 µeV.
The present approach requires a control of Ω 12 and a dynamical tuning of ∆ 12 . The dipole-dipole interaction strength depends on the distance between the TLSs, which can be thoroughly controlled during the growth process for QD structures. The detuning between the QD spectral resonances can be modified thanks to the confined differential stark effect by applying an external electric field [49] [50] [51] . This can be done with electrical pulses as fast as 100 ps and rising edges below 50 ps as experimentally shown [31] .
B. Generation of cat-like state and compass state single photon wavepackets
We extend the control of the emission process to achieve complex pulse shaping of the single photon's amplitude. One can indeed obtain complex time structures for the emitted single photon wavepackets by turning on or off the coupling with the cavity mode through ∆ 12 (t) during the emission process.
We first apply two ∆ 12 (t) pulses separated in time as shown in Fig. 4(a) . The mean value of the emitted power then shows two distinct peaks as shown in Fig. 4(c) , corresponding to a time bin encoding of the information. The time interval between the peaks ∆t can be chosen at will and the duration of each peak τ is controlled by the maximum value of ∆ 12 which is applied. Two different examples are depicted with a waiting time ∆t = 5 ns (in dashed red) and ∆t = 11 ns (in solid blue), again considering experimental parameters for the QD system. Note that to obtain the same emitted power for the two peaks, the maximum applied detuning is higher for the second peak. We also assume that one can not only control the emitters detuning ∆ 12 (t) but also the mean frequency of the two emitters ω 0 (t) as shown in Fig.4(b) .
The corresponding energy spectral density is plotted in Fig. 4(e) . As expected by Fourier transform, the two peaks in time-domain result in a frequency comb. The overall width is proportional to the inverse of the duration of one peak 1/τ , which is equal for the two different cases here. The interval between the fast frequency oscillations is proportional to the inverse of the waiting time 1/∆t. For the case where ∆t = 11 ns one obtains fast oscillations and narrow peaks.
A more detailed insight into the generated single photon wavepacket can be obtained by calculating the associated Wigner-Ville function [52] , also called the chronocylic Wigner function [53] . Its expression is given for a detection between [0, T ] by:
It corresponds to the Fourier transform of the electric field correlations as a function of time and is displayed in Fig. 4(f) for the two different waiting times ∆t. One recognizes a photonic cat-like state. The oscillations visible at the mean time between the two emission peaks result from the interference between the probability to emit a photon at a time t − τ /2 with the probability to emit a photon at t + τ /2. They present time-frequency sub-Planck features, subtle features of quantum states that have recently been proposed for advanced quantum sensing applications [24] . This first example illustrates the versatility of the tunable one-dimensional atom for the generation of light in two time bins. It can naturally be extended to more complex states of light since the effective atomic system presents a tunable lifetime and the phase of Generation of a compass state. The emission of such a state is obtained by applying a four-pulse detuning ∆12(t) (a), and at the same time an overall frequency shift of the mean atomic frequency ω0(t) (b). The cavity frequency is fixed at ωc = ω0(0) − Ω12. (c) Wigner-Ville function of the emitted electric field for a one-photon state.
the state is controlled at the atomic level. This is illustrated in Fig. 5 where a set of four ∆ 12 (t) Gaussian pulses, separated in time are applied as plotted in Fig. 5(a) . The pulses are 170 ps wide and are applied at t = {300, 1100, 1500, 2300} ps. The amplitude of each pulse is increased each time so as to compensate the smaller remaining emitter population. In parallel, the mean frequency of the emitters, ω 0 (t) = ω1+ω2 2 is shifted to four different values as shown in Fig. 5(b) . As seen in Fig 5(c) , a compass state, corresponding to a fourlegs time-frequency superposition, is generated. It shows an even richer structure in the time-frequency domain, similar to the higher class of state that was recently introduced for sensing application in optomechanics [54] .
Such structure is also ideal for continuous variable time encoding of the quantum information, a new field of quantum computing that exploits the continuous degrees of freedom of time encoding to enlarge the Hilbert space of computation [23] . Until now, the generation of continuous variable at the single photon level was limited to ultra-low source efficiency, whether it is based on parametric down-conversion [55] [56] [57] [58] or on the weak coherent excitation of an atomic system [59, 60] . The approach introduced here, based on the dynamical control of a tunable one-dimensional atom, allows generating arbitrary time-encoded photons with near unity efficiency.
IV. A BROADBAND AND VERSATILE QUANTUM MEMORY
Another application of the present architecture is single photon storage and bandwidth conversion. Many systems are explored to develop efficient quantum memories for quantum networks, most of them based on atomic vapors or ion-doped crystals [61] . They present very narrow bandwidths that prevent the efficient storage of short photon pulses, the latter being naturally desirable for high rate quantum networks. To date, the development of broadband single photon memories has been scarcely addressed. Such memory has recently been demonstrated using Raman assisted transition in warm atomic vapors: the proposed protocol offers interesting possibilities for releasing photons of improved quantum purity [62] . However, so far the storage times remains in the few nanosecond timescale [63] . Here we show that, by dynamically tuning the emission lifetime of the subradiant state, one can achieve the storage of 100 ps single photon pulses for over 100 ns using an implementation of these concepts in the QD system. Naturally, building on the results of the previous section, the quantum information could also be released with a highly tunable temporal profile, independently of the incoming single-photon profile.
The storage mechanism relies on sending a single photon wavepacket on the tunable one-dimensional atom. The process takes place in three steps as shown in Fig. 6(a) . First the system parameters are tuned to a non-zero value for the detuning ∆ 12 so that they are effectively coupled to the cavity mode, allowing to absorb the incoming excitation, and excite the effective subradiant state |− eff . More specifically, ∆ 12 is chosen to match Γ |− eff with the bandwidth of the light pulse that one wants to store. The photon is then stored by tuning back the two QDs into resonance to adiabatically go from the effective subradiant state |− eff to the dark state |− . The photon absorption process is then the time-reversed of the emission process starting with the system in the ground state |g, g, 0 at t = 0 and dynamically tuning the detuning ∆ 12 (t) so as to progressively bring the system into the fully antisymmetric, dark state |− where it presents the minimal coupling to light. Finally, release of the single photon is obtained by applying a detuning ∆ 12 between the two QDs.
While the incoming pulse is a single photon Fock state, it is easier to calculate this storage process using a coherent state |α = k α k k! |k with a very low mean photon number n = |α| 2 = 0.01 1. Only the one photon component excites the atom so that the system response reflects the response to single photon Fock state when normalizing the atomic population by the probability of having one photon [64, 65] . The system excitation is done via the cavity mode through the Hamiltonian of Eq. 1:
, where E p is the field amplitude coupled to the cavity mode. Fig. 6 shows the evolution of the atomic population corresponding to a single photon Fock state sent on a QD system with the same parameters as in the previous sections. The single photon wavepacket to store presents a Gaussian temporal profile with a FWHM of τ pulse = 550 ps. The system parameters are set so that the incoming photon is resonant with the |− eff state:
The cavity frequency is tuned to ω c = ω 0 − Ω 12 and ∆ 12 (t = 0) is set to 40 µeV, in order to achieve the highest absorption probability. This condition is obtained when the |− eff state linewidth is equal to 2 3 of the incident single-photon pulse width [66, 67] (here it corresponds to FWHM = 367 ps). The QDs are then adiabatically brought into resonance: ∆ 12 (t) → 0 during the storage process in order to bring the |− eff state into the darkest state |− . The photon will thus be stored for a time as long as 1/γ − = 93 ns and recovered by setting ∆ 12 (t) to a non-zero value.
Considering the present experimental parameters, we obtain a 68% storage efficiency, given by the maximum flip inversion of the atomic system with a single photon pulse excitation. To stay within 5% of such maximum efficiency, we find that the error in the start time of the detuning gate ∆ 12 (t) has to be smaller than 100 ps which corresponds to a fifth of the single photon pulse. If the QDs are brought to resonance too early, the excitation stops before maximum population is achieved, and if the QDs are brought to resonance too late, spontaneous emission takes place before reaching the dark state. This value already represents a very high storage probability considering all current memory architectures where typical values are in the tenths of percent range [68] . The coupled quantum dot interface introduced here can thus be used to store short single photon pulses of 100 ps for around 100 ns, as shown in figure 6(a) , surpassing by almost two orders of magnitude the current state of the art [63, 69] .
We note that tunable single photon memories have recently attracted attention for their ability to re-emit the photon with a different frequency and bandwidth than the initial ones [68] . Indeed, frequency and bandwidth conversion is a valuable tool for building quantum networks. A bandwidth modulation of between 0.5 and 1.9 of the incoming bandwidth was recently demonstrated using a diamond memory via a Raman transition, and with a conversion efficiency of only 1% [70] . The system proposed here can finally allow the storage of photons as short as 100 ps and convert them to much longer single photon pulses up to τ = 1/γ − 100 ns.
FIG. 6.
Broadband memory operation. (a) Atomic population normalized by the average number of photons in the pulse n (solid blue) and applied detuning (∆12 = 0 in dashed green). The storage process takes place in three steps: first the two QDs are detuned so as to absorb the incoming photon , the excitation is then stored in the subradiant state by bringing the two QDs into resonance, and finally the photon is released by detuning again the two QDs at t=35 ns. The pump is resonant with the |− eff state.During storage, the excitation leakage takes place at a rate γ− = γ − γ12 (as shown in dotted brown). (b) Close-up of figure (a) at short time delays. The Gaussian profile of the incoming wavepacket is shown by the black dotted line.
V. CONCLUSION
We have proposed a new generation of devices for single photon production and manipulation by coupling two quantum emitters in a cavity. This is achieved by a dynamical control of the subradiant state which, when the emitters are detuned, acts as an effective dipole that can be externally modified.
These concepts are ready to be implemented thanks to the last decades of experimental effort in the quantumdot cavity systems, that have allowed to obtain nearoptimal single photon sources in the solid state with impressive values regarding efficiency, brightness and indistinguishably [11, 14, 71] . These technological efforts can now lead to the on demand, efficient, single photon generation, with a tunable bandwidth on the range of [10MHz, 10GHz]. They can be used to expand the range of application of quantum light both in quantum computing and quantum sensing, with efficient single photon sources with continuous variable encoding in the time-frequency domain. The same architecture can also store broadband single photons, with pulse durations as low as 100 ps, stored during 100 ns, with an efficiency up to 68%. Both storage and bandwidth control would finally allow efficient bandwidth conversion of single photons.
Overall, the proposed device acts as a junction useful in any kind of hybrid quantum network, with the possibility to emit, store, and modify single photons of a wide variety of quantum systems. They also open new possibilities for both quantum sensing [54] and quantum computing [23] , with inherently high efficiencies, as required for scalability.
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